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Abstract

Assessing the risk posed by severe storms to offshore wind turbines (OWTS) is a challenging
task. Stochastic environmental conditions represent the main source of variable loading;
consequently, a high level of uncertainty is associated with assessing structural demand on
OWT structures. Failure of any of the primary structural components implies both complete
loss of the OWT and loss of earnings associated with production stoppage. In this paper, we
propose the use of a probabilistic risk modelling framework to assess the structural risk posed
by extreme weather conditions to OWTs. To achieve this, fragility functions are developed for
OWTs on monopile foundations exposed to extreme metocean conditions using dynamic aero-
elastic simulations. Structural fragility represents a key component of any probabilistic risk
model and expresses the likelihood of different levels of damage experienced by an OWT over
a range of wind and wave hazard intensities. We compare the effect of various modelling and
analysis choices on the obtained fragility functions and investigate potential interdependencies
between failure modes of OWT structural components. Results from this study highlight how
different assumptions affect the estimated structural performance and the resulting structural
fragility of a case-study OWT. We apply the proposed framework to two case-study sites, one
in the USA East Coast and one in the North Sea, discussing possible outcomes of the proposed
framework.

1 Introduction and motivations

Offshore wind energy is experiencing rapid worldwide development as an attractive renewable
energy source. The global offshore wind industry has grown to approximately 18GW of
capacity [1]. Europe provides 15.8GW of this [2], with a further 25GW worth of projects due
to be installed by 2020 [2]. Additionally, there are plans to build more offshore wind farms
(OWFs) in Asia, with the Japanese Wind Power Association having established a roadmap for
deployment [3] and the Chinese government setting capacity targets [4]; and along the USA
East Coast [1]. One of the key challenges in designing offshore structures - or in assessing
existing ones - lies in estimating environmental loading, which for offshore wind turbines
(OWTs) is a result of site-specific wind and wave conditions that are expected to be
encountered during the life of the structure. These conditions can include severe typhoons in
Asia, hurricanes in the USA, and extra-tropical cyclones (windstorms) in Europe. Indeed,
failure of towers and blades of smaller onshore wind turbines has been observed as a result of
recent typhoons in China [5], where hub-height 10-minute averaged wind speeds in excess of
60m/s were recorded. The higher cost and difficulty in repairing OWTs means that accurately
assessing their risk of failure is especially important. The design and assessment of OWTSs is
currently based on semi-probabilistic prescriptive approaches, described in International
Electrotechnical Commission (IEC) 61400-3 code [6] and in DNVGL-ST-0126 [7]. These
standards employ the load-resistance factor design (LRFD) approach to guarantee a certain
safety level in structural components. Additionally, both the IEC and DNVGL standards
specify ultimate limit state (ULS) design load cases (DLC) characterized by an upper limit of
50-year mean return period (MRP) wind and wave conditions. This is substantially lower than
the maximum MRP of 10,000 years utilized in LRFD codes to assess offshore oil and gas
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structures [8,9]. In other words, it is possible that current design procedures do not sufficiently
consider rare, but severe, storm conditions characterized by higher MRP, such as the typhoon
conditions observed to cause failure of onshore wind turbines [5]. Furthermore, the safety levels
implied by standards are not always intelligible to design engineers. Specifically, safety factors
are employed to account for uncertainties affecting structural demand and capacity, and to
ensure ‘safe’ designs over a range of limit states depending on the severity of the consequences
associated with structural failure. For OWTs these safety factors are often adapted from the
offshore oil and gas industry or from design guidelines for onshore wind turbines: they have
not been specifically calibrated for OWTSs. Poor characterisation of these uncertainties, when
assessing the actual risk profile of an OWT, could produce design solutions that are either too
conservative (and not cost-effective) or unsafe, leading to potentially catastrophic losses such
as those that would be caused by a large number of cascading failures in an OWT or even an
OWEF. Quantifying these different sources of uncertainty poses significant technical challenges
but could also aid the financing and insuring of offshore projects [10], potentially helping to
reduce the levelized electricity cost for offshore wind [11], i.e., the average total cost to build
and operate an asset over its lifetime divided by the total energy output of the asset over that
lifetime.

A framework based on probabilistic risk modelling is proposed here to assess structural and,
potentially, non-structural risk associated with OWTs exposed to extreme weather conditions.
This approach can be used in principle 1) to test new design strategies — extending performance-
based design frameworks to account for multiple hazards; 2) to devise efficient and targeted
asset management strategies; and 3) to develop resilience-enhancing solutions for combined
wave and wind hazards, e.g. based on structural health monitoring and structural control. These
options all rely on better assessing the risks associated with OWFs/OWTs, including a better
characterization of the uncertainties in structural modelling and analysis. Figure 1 shows the
basic structure of a probabilistic risk model which has been specifically adapted for application
to OWFs. The overall framework can be decomposed into a series of sequential components
[12]: 1) exposure information about asset location, physical construction details (e.g., structural
properties such as geometry, materials, and uncertainty models), and replacement costs (i.e.,
asset value); 2) estimation of relevant hazard intensities and their recurrence periods at each
affected site, for instance based on large catalogues of simulated events capturing the
frequency, severity, location, and other characteristics of the entire spectrum of plausible real
events (event generation). For each simulated event, the intensity of the hazard is then
calculated at each affected site (local intensity calculation); 3) estimation of the structural
response given hazard intensities through structural analysis, resulting in the calculation of
physical damage for each affected exposure (fragility analysis); and 4) estimation of financial
loss and downtime, also including equipment failure information (which can be assessed using
existing empirical databases). These metrics can be easily computed given knowledge of the
repair costs/repair times for different failure modes (or damage states) [13]. The final output of
this approach consists of estimates of the probability of incurring various loss levels over the
life of an asset, allowing the calculation of average annual loss of an OWT/OWF, or,
alternatively, the estimation of total loss values corresponding to various recurrence intervals
[14]. These are useful metrics that can be used to improve decision making, and are commonly
used to assess insurance losses for various assets exposed to natural hazards [15].

Fragility functions quantify the probability of exceeding certain limit (or damage) states, LS
[13], which can range from minor damage to complete structural collapse, as a function of
various intensity levels of the considered hazard(s). Limit states are typically defined in terms
of engineering demand parameters (EDPSs), e.g. the stress in a component or hub displacement
from structural analysis, which are used to assess the exceedance of EDP thresholds for each
limit state of interest, i.e., EDP.s. The environmental conditions, the main source of variable
loading on an OWT, are represented through intensity measures (IMs) considered to be
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representative of the wind and wave damage potential with respect to the specific structure.
Fragility functions can be combined with a hazard model (in terms of the considered IM) to
compute the mean annual rate of limit state exceedance, A,s, of the asset under investigation,
asin Eq. (1) (e.g., [16]):

As = f Fis(0) ldA (0] 6

im

In Eq. (1), Fis(x) is the fragility function, i.e., P[EDP > EDP;s|IM = x]; A;(x) is the
hazard curve in terms of IM (evaluated at x), and dA;,,(x) denotes its differential with respect
to IM (also evaluated at x). In simplistic terms, d4;,,(x) is the (annual) probability of observing
a given hazard intensity. Fragility functions can be combined with damage-to-loss (or
consequence) models to further derive vulnerability functions, expressing the likelihood of
various loss levels as a function of the IM. This study does not address the consequences of
failure, which include complicated supply chain, market, and economic considerations.

Very few examples of such fragility/vulnerability functions exist for OWTs, and no established
guidance currently exists for deriving them. In this context, analytical (or numerical) fragility
functions generated from structural simulations represent the preferred option due to the lack
of empirical damage/failure data from past events for OWT structural components. The
analytical approach is common in earthquake engineering, where procedures for fragility
derivation are well consolidated [17], and have been implemented for a wide range of civil
engineering structures and infrastructure components.

EVENT LOCAL INTENSITY
GENERATION CALCULATION

STRUCTURAL

LOSS

T I I P
P
—— OWT LOCATION STRUCTURAL ASSET g;?‘lm%’::l\‘l‘ FRAGI LOSS
/SITE CONDITIONS DETAILS VALUE EXCEEDANCE
~ CURVES L(£)
EQUIPMENT
F

Figure 1: Probabilistic risk modelling framework adapted for application to an OWF.

In the field of wind energy, Sgrensen and Toft [18] developed a procedure for assessing the
ULS probability of failure of onshore turbine towers based on the first order reliability method
(FORM). They also proposed a range of random variables capturing the uncertainty in
modelling assumptions (together with that in load and material properties), as factors
multiplying the computed demand and capacity values from structural simulation. An
alternative approach, based on a simplified mechanical model, was developed by Quilligan et
al. [19], also for onshore turbines, and was used to derive fragility functions. Their study
considered uncertainties in material properties and loading, where random-variable models
were used as direct inputs to the structural demand calculation. In their assessment, failure is
assumed to occur after a plastic hinge forms in the tower. A comparison between the two
approaches highlights that Sgrensen and Toft included uncertainty in the capacity/load terms
of the limit state after they had been evaluated using a (detailed) numerical model, whereas
Quilligan et al. directly sampled inputs into the (simplified) numerical model (e.g. changing the
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tower thickness, effecting the stiffness and therefore deflection of the model). A similar
approach for uncertainty quantification was applied by Muskulus and Schafhirt [20] for OWTs
using a simplified structural model by decoupling the aero-elastic and structural analysis. The
relatively small uncertainty in the structural geometry/capacity compared to the larger
uncertainty in the demand calculation and the need to use coupled time-domain dynamic
simulations to accurately predict these demands, seem to suggest that the approach used by
Sgrensen and Toft is generally preferable. Additionally, assessment of OWTs is more
challenging because they are exposed to both wind and wave loading conditions. The fragility
of OWTs was investigated by Wei et al. [21], who developed a performance-based assessment
framework using nonlinear static analysis to calculate a response surface for the extreme
response of the jacket-type support structure to different environmental conditions. Monte
Carlo simulation was used to sample the material properties and calculate the probability of
failure for hurricane-like events characterized by MRP as the IM (this aspect is further
discussed below). Fragility functions were developed based on first yield and collapse limit
states using base shear as an EDP. This was ultimately embedded within a full hurricane risk
assessment procedure for farms located on the USA East Coast [10], similar to the probabilistic
risk modelling approach proposed here. Fragility of OWTs on monopile foundations exposed
to combined operational wind and wave conditions and earthquake hazard was investigated by
Mardfekri et al. [22-25], including material, geometry and modelling uncertainties. De Risi et
al. [26] also developed fragility functions for OWTSs experiencing earthquakes occurring during
normal operating conditions.

This brief literature review suggests the lack of a harmonized, practice-oriented procedure for
deriving fragility functions for OWTs experiencing severe wind and wave conditions. In
addition, there has been little research comparing the effect of different modelling and analysis
assumptions on OWT fragility and assessing the impact that various random variable models,
used to capture uncertainty affecting structural demand and capacity, have on the predicted
failure probabilities.

This study aims to address the above gaps, proposing a coherent and practice-oriented
framework for deriving fragility functions for the structural components of OWTs. It also
investigates the sensitivity of fragility functions to different modelling and analysis choices
through a case-study OWT. Specifically, this work focuses on OWTs supported on monopile
substructures, as approximately 80% of currently installed OWTs have this type of foundation
[27]. One complex, but potentially beneficial, feature of an OWT is that the wind loading is
primarily transferred through the blades (although also acting on the tower). Failure of the
blades before the tower or monopile would reduce the loading on these components, potentially
preventing them from failing [5]. This effect is studied here by comparing fragility functions
for the blades and the other structural components. Additionally, the extreme load calculation,
the analytical definition of the limit state function, and the influence of including various
sources of uncertainty in the analysis are discussed in detail. The case-study OWT is analysed
at two different real-world OWF sites, through a comprehensive illustrative application to test
the above issues.

The paper starts by introducing the two case-study sites, one in the North Sea and the other on
the USA East Coast (Section 2). Next, the overall methodology for the fragility calculation is
presented (Section 3), and the framework is implemented for each case-study site (Section 4).
The results from this study are presented in Section 5 while Section 6 summarizes the main
findings of the study.
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2  Details of the case-study sites

Two sites, both suitable for OWFs but experiencing contrasting environmental conditions, are
investigated in this study. The first one is the ljmuiden K13 site (referred to as Ijmuiden site in
the rest of this paper) [28], located in the Dutch waters and exposed to extra-tropical cyclones;
whereas the Massachusetts site [21] is located on the USA East Coast (at 40.5°N 69.3°W), and
is exposed to hurricanes. The first site has a water depth around 20m, making it a suitable
location for the 20m tall substructures used in this study. The Massachusetts site is deeper than
20m [21]; however, this water-depth value is assumed here to provide direct comparisons
between the fragility functions derived for the same case-study structure under different
environmental conditions and comparing results. It worth highlighting that, because of this
latter assumption, the fragility functions resulting from this study may not be directly applicable
to the Massachusetts case study; however, as discussed above, this paper aims to provide a
general approach for fragility analysis, testing various modelling/analysis assumptions and
discussing possible outcomes of the approach.

Ijmuiden has 22 years’ worth of wind and wave measurements [28]. Statistical models
representing the occurrence of different mean wind speeds and significant wave heights [29]
have been developed for the site by applying linear regression with log correction to the
recorded data [28]:

Hq3nr = 0479 In(MRP) + 6.063

Viub,10min = 2.645In(MRP) + 31.695 @
In Eq. (2), H3p, is the predicted three-hour significant wave height in meters, i.e., the average
trough to crest height of the highest one-third waves [29]; Vi,p, 10min 1S the 10-minutes hub-
height mean wind speed in m/s (10 minutes averaging is a common assumption based on
observation that mean wind speed is approximately constant over this period of time).

At the offshore Massachusetts site, hurricane conditions were modelled by Wei et al. [21] by
simulating a stochastic catalogue of 100,000 years of hurricane activity in the Atlantic Basin
(100,000 years is a typical length of a stochastic catalogue to be used in probabilistic risk
modelling for (re)insurance applications). Combining this catalogue with physical models such
as the Holland and Young models to estimate the wind speed and wave height of each storm at
a given site (local intensities), allows fitting Generalized Extreme Value (GEV) distributions
to the hurricane generated wind speeds and wave heights. The value of the wind speed and
wave height corresponding to a specified MRP can be extracted from the upper tail of the GEV
distributions representing synthetic hurricane data.

W\ -1/k-1 -1k
f(xlk,a,u)=%<1+k(xg'u)> eXp<—<1+k(xG'u)> ) )

In Eq. (3), the model parameters are shape (k), scale (o) and location (u); these are defined for
the Massachusetts site using the values in Table 1. The x variable represents either the yearly
maximum 10-minute mean wind speed or the significant wave height, depending on which set
of parameters are used for the model fitting. These distributions were fit by Wei et al. [21], who
predicted mean wind speeds using the Holland model and converted these from a 10m elevation
to hub height values using a correction factor of 1.289..

Table 1: GEV parameters for the Massachusetts site [21].
Parameter Shape (k) Scale (o) Location (u)
Vw 0.0915 6.2898 12.2264
Site-specific ULS Fragility of OWT on Monopile Substructures
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Hs 0.0382 2.1172 2.9719

The environmental conditions associated with a set of different MRPs are plotted on Figure 2
(left); the MRP is a surrogate for the joint wind-wave IM in this study, as further discussed in
Section 4.1. It is noted that the wind and wave conditions at large MRPs are evaluated by
extrapolating a much shorter set of measured site conditions for the ljmuiden site; therefore,
specific numerical values (and their implications in terms of analysis results) should be
interpreted with caution due to the extensive extrapolation. A more detailed approach based on
physics-based event generation (as in the case of the Massachusetts site) may be more suitable
to capture the expected values (and possible correlations) between wind and wave conditions,
especially at rare MRPs [21].

MRPs for the Massachusetts site are selected to cover the mean wind speed range from 40m/s
to 80m/s. Very high MRPs at the ljmuiden site are necessary to produce fragility functions that
can capture failure modes of components, as discussed in Section 5. However, this does not
affect the main conclusions of the study, which relate to the relative properties of the fragility
functions derived for both sites and for different modelling/analysis assumptions. Also, these
very high MRPs may have an important contribution to the total failure probability which is
needed by decision makers regarding the risk profile of the structure and associated financing,
underwriting, and regulatory issues.
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Figure 2: Comparison of wind and wave conditions at different MRPs for the Massachusetts

and the Ijmuiden OWF sites (left); inset map shows site locations. OWT structural model in
OpenFAST (right) with the main elevations highlighted in the figure.

3 Fragility calculation methodology

Analytical (or numerical) fragility functions are developed using a computational model to
estimate structural response for various loading conditions rather than relying on empirical data.
This approach is necessary as very scarce damage/failure data for OWTs is publicly available,
and failure events are expected to be rare in any case.

The framework presented in Figure 1 requires a method for assessing wind- and wave-induced
demands to the OWT structure. One applicable method is the Incremental Wind Wave Analysis
(IWWA) proposed for OWTs by Wei et al. [30]. In this case, the OWT structural response is
assessed at progressively severe environmental conditions, consisting of significant wave
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heights and mean wind speeds. However, the numerical model used to evaluate the structural
response is associated with idealizations and introduces uncertainty into the prediction of the
structural response. These effects are modelled as random variables, with a defined probability
distribution, and need to be sampled at each environmental condition, i.e., corresponding to
pairs of wind and wave conditions, for input to the numerical structural model. This results in
a fragility calculation procedure that is very similar to the multi-stripe analysis method which
is commonly used in earthquake engineering [31]. In IWWA, wind and wave conditions can
be coupled using the MRP to save computational time, as a reduced set of conditions need to
be analysed. The output is the structural response to increasingly rare environmental conditions
at the site (characterized by a given MRP value). Due to the low stiffness of OWTs on
monopiles in comparison to those on jackets, which were the focus of existing implementations
of IWWA [21], and to explicitly capture the dynamic response to loads, IWWA combined with
a coupled time-history analysis [32] is used here for OWTs on monopile substructures. The
approach used here was initially proposed in [32].

The fragility calculation procedure is implemented through the six steps listed in the flowchart
in Figure 3. These include:

1. Select a set of MRPs, with Ny zp being the number of MRPs evaluated at a given site.

2. Calculate mean wind speed (V) and significant wave height (H) (from independent
probability distributions) at a given MRP. The considered probability distributions
should be developed for the OWF site-specific conditions.

3. Generate a Monte Carlo sample containing realizations of the environmental conditions
(in terms of turbulent wind and wave time histories) and other random variables which
influence the demand and capacity of the OWT (where Ngg.p1.5 realizations of those
random variables are generated at each MRP). This step is discussed in more depth in
Section 4.5. Details on random variable models used in the illustrative applications are
provided in Section 4.3. The total number of random variables is Ng_,q;-

4. Run structural analysis and evaluate the limit state equation(s) for each Monte Carlo

sample at all MRP assessed; this employs a total of Nygp - Nygmpies Structural

simulations.

Estimate the probability of failure at each MRP, as discussed in Section 4.5.

6. Fita fragility function to the pairs of MRP and probabilities of failure calculated in step
5.

o

The details required to implement the fragility calculation are discussed in Section 4. This
process allows a structural analysis package, such as OpenFAST (formally known as FAST),
[33] to be used within the fragility calculation. It is also sufficiently general to encompass
advanced structural reliability techniques; however, for the purpose of this study, only plain
Monte Carlo simulation is applied. Misalignment between the wind and wave conditions would
also have an important impact on structural loading. This was not modelled in the present study
as, at high mean wind speeds (above 30m/s) the misalignment was observed to reduce at the
Ijmuiden site [28] and for the Massachusetts site this information was not available.
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1. Select a set of MRP (MRP; = 1,...,Nyge).

[

2.Calculate hub-height mean wind speed and
significant wave height (Vi,Hs ).

Y

3. Sample random variables (a Nr-var by Nsamples
matrix).

v

4. Run structural analysis to assess limit state. For each sample:
a. Run adynamic load-response calculation,
b. Define the limit state,
c. Determine whether or not limit state is exceeded at any
point within the analysis.

v
5. Calculate the probability of failure, ps;.

Y

Does i= Nyrp?

Yes
Y

6. Fit a fragility curve to vectors MRP and px.

No.

Figure 3: Flowchart describing the fragility calculation procedure.
4 Implementation of the fragility framework

4.1 Hazard calculation

The hazard intensity calculation is simplified in this paper by combining the wind and wave
conditions into a scalar IM, the MRP, by using the distributions described in Section 2. This
conservative approach has significant limitations due to the assumption that wind and wave
conditions at equivalent, independently estimated MRPs occur simultaneously. However, using
a scalar measure of the hazard intensity requires fewer simulations and less information about
the environmental conditions.

In principle, a joint probability model should be used to calculate joint wind-wave conditions
corresponding to a specific MRP; but doing so is challenging due to the relative paucity of data
available for calibrating joint models. Also, it is not possible to define a single combination of
wind and wave conditions for a specified MRP value. More generally, introducing the wind
speed and wave height directly as IMs would require treatment of a vector-valued IM, a
significant complication that, at this point in the development of a probabilistic risk modelling
framework for OWTs, does not add significant value.

A set of 16 MRPs are assessed here, as listed in Table 2. The corresponding wind and wave
values have been calculated using the distribution assumptions from Eg. (2) for Ijmuiden and
Eq. (3) for Massachusetts. For this latter case, once the GEV distributions describe above have
been fitted to the empirical wind and wave data, it is possible to extract tail values of the
cumulative distribution function (CDF) corresponding to the target MRP. It is worth noting
that at higher MRPs the wave conditions become more complicated — as waves start to break —
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and therefore the maximum MRP has been limited to a value smaller than the one causing
structural failure in some cases

Table 2: MRP, in years, and corresponding environmental conditions at Massachusetts (MA)
and Ijmuiden (1J) wind farm sites.
IJMRP [1x10%2x 1031 x 10% 3 x 10% 1x 10* 3 x 10* 1 x 105 3 x 1051 x 103 x 10°1 x 1073 x 1071 x 1083 x 108 1 x 10° 3 x 10°

MAMRP 14 %10 6 x10 7 x 10 1.5 X 1021.5 x 1022 x 1022.5 x 1023 X 1024 x 1025 x 1026 x 1027 x 1029 x 1021 x 1031.5 x 1032 x 103
WV, (mis)| 44 47 50 53 56 59 62 65 68 71 74 77 80 83 86 89
1J H, (M) 8 9 9 10 10 11 12 12 13 13 14 14 15 15 16 17

MAV,, (m/s) 40 43 45 48 51 53 56 59 61 64 67 69 72 75 77 80
MAH; (m)| 11 12 13 14 14 15 16 16 17 18 18 19 20 20 21 21

4,2 OWT structural model

421 Environmental load

The sea state is modelled as a random process by using a wave spectrum, representing the
frequency content of the waves. The assumed spectrum is the JONSWAP [29] and a wave-
height time history is then generated by using the inverse Fourier transform. The spectrum
requires the significant wave height, which determines the energy content, and a peak factor
(which determines how peaked the spectrum is [29]) calculated using the recommended method
in IEC 61400-3 Annex B [6]. The peak spectral period (75,), i.e., the wave period at which the
wave spectrum has a maximum [29], is also necessary and determines the frequency at which
the spectral peak occurs. This value was defined deterministically at both sites; Myers et al.
[34] evaluate the range of T, values necessary to meet the conditions specified by 1EC-61400-
3 as indicated by Eq. (4). In this work, only the lower bound value is conservatively used since
it generates the largest loads, making the wave spectrum closest to the natural frequency of the
considered OWT.

11.7/Hs/g < T, < 17.2\/H/g (4)

From the wave-height time history, the kinematics of individual water particles distributed
along the monopile are calculated using the 2" order wave model developed by Agarwal and
Manual [35]. This time series is converted into structural loads using Morrison’s equation,
implemented in the software package HydroDyn [36]. The study does not account for additional
loads due to current or changes in mean water level.

The turbulent wind acting on the OWT is continuous but is commonly evaluated numerically
at discrete points on a grid overlying the structure. The turbulent wind time histories are
evaluated using the software package Turbsim [37], which converts a Kaimal spectrum with
turbulence type ‘B’ [6] into a wind time history using inverse Fourier transforms at each grid
point. The correlation between the wind speed at different point is captured using an
exponential coherence model as recommended in IEC 61400-1 [38]. Wind shear, changing
mean wind speed with elevation, was include using a power-law profile with exponent 0.14 [6].

4.2.2 Global structural analysis

The OWT considered in this study is based on the National Renewable Energy Laboratory
(NREL) 5MW reference turbine [39] with a monopile foundation, as shown in Figure 2 (right)
and with main properties listed in Table 3. The hub is supported by the tower and is located at
Elevation (EL) +87.6m above the Mean Sea Level (MSL). It is attached to a 126m diameter 3-
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bladed rotor, where the blades are labelled as blade #1, #2 or #3. The hub can rotate around the
central axis of the tower, where any discrepancy in the perpendicular angle between the wind
flow and plane in which the blades rotate is referred to as yaw error [40]. The blades rotate
about a horizontal axis running through the centre of the rotor plane; the blade position is
described by the azimuth angle: when azimuth is 0°, blade #1 points directly upwards; as the
azimuth angle increases, blade #1 rotates clock-wise about the rotor-axis if observed while
facing downwind. The monopile support structure spans from EL +10m to the mudline at EL -
20m. At the base of the tower, a transition piece connects the tower and monopile. A full list of
dimensions and material properties of the turbine structure are provided by Jonkman et al. [39].
The dimensions of the material properties and the geometry of the NREL 5MW blades are
provided by Resor [41]. Finally, the dimensions of the transition piece used in this study are
taken from Lee et al. [42]; these did not impact the global analysis but are used to evaluate the
failure limit states.

Table 3: Main dimensions for the NREL 5SMW case-study OWT.

Parameter Value
Mass of the rotor-nacelle assembly (kg) 350,000
Tower diameter bottom, top (m) 6, 3.87
Tower wall thickness bottom, top (mm) 35, 25
Monopile diameter (m) 6
Monopile wall thickness (mm) 60

The NREL 5MW turbine has a cut-off speed 25m/s: when this mean wind speed is exceeded,
the rotor enters its parked state by pitching the blades into the wind to prevent damage. In all
the considered analysis, the mean wind speed was well-above the cut-off.

The foundation is modelled using an apparent fixity (AF) model, which represents foundation
flexibility by extending the monopile below the mudline. The extension length is chosen to
match the natural frequency from a spectral analysis where the monopile is embedded in a
linear-elastic soil matrix. This assumes an embedded pile length of 30m [43], using soil
properties in [44]. Dynamic response of the structure was calculated using the aeroelastic
computer-aided engineering OpenFAST [33] to run sets of dynamic time-history analyses. The
analysis length is 11 minutes, allowing the first minute to be cut (which includes transience)
while leaving the full recommended analysis length with the first minute cut out.

4.2.3 Model limitations

The assumptions used in this study introduce a number of simplifications into the load-response
calculation, primarily: the simplified foundation model is linear but the soil behaves non-
linearly at high loads [43]. Additionally, the aero-elastic code OpenFAST is based on small
deflections and is not as accurate as non-linear aeroelastic methodologies [45] in capturing
extreme and transient loading. Additionally, the second order wave model cannot capture the
loads caused by large or breaking storm waves. As discussed above, the aim of this paper is to
compare the relative features of the fragility functions dependent on different
modelling/analysis assumptions, particularly in terms of uncertainty characterisation.
Therefore, the use of a simplified analysis was judged sufficient for the purpose of this study.
The NREL 5SMW OWT was not designed specifically for either site used in this study, therefore
the fragility values should not be expected to match those derived for an OWT design based on
the site hazard conditions such as those derived by Hallowell et al. [10].
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4.3 Random variables considered in the study

The uncertainty introduced by using numerical models to estimate the response of the case-
study OWT are captured by defining the random variables shown in Table 4 and used in Eg.
(5) to Eq. (9). For each random variable, Table 4 provides the random variable model and its
parameters, e.g., the mean value and the coefficient of variation (CoV), i.e., the ratio of the
standard deviation to the mean. The list includes variables associated with the models and
materials. The distribution types and their moments are taken from published data, as indicated
in Table 4; although not explicitly discussed in each considered reference, these assumptions
are based on either engineering judgement or calibration to empirical data. Most take the form
of multiplicative factors that are used to scale either the nominal (i.e., from structural analysis)
demand or capacity term in the limit state, Eq. (5) to Eq. (9), and are indicated by X. in Table
4. Other random variables relate to uncertainty in the material properties.

As discussed above, the simulation assumes that the wind turbine is parked; the initial azimuth
angle of the rotor will therefore influence the loading on the blades, as the wind profile is not
constant. However, it is not known what position the rotor will stop in, so azimuth is modelled
as a random variable with a uniform distribution between 0° and 180° (an upper limit of 120°
could also be used due to symmetry of the rotor). Additionally, misalignment between the
incoming wind flow and the turbine rotor will impact loading. IEC recommends assessing up
to 15° yaw error; the recent study of Morato et al. [40] assessed 8° yaw misalignment.
However, no data was available to determine a distribution; in its absence, a uniform
distribution was assumed based on engineering judgment with limits -8° to 8° following
Morato et al. [40]. The environmental load models utilize inverse Fourier transforms to convert
stationary frequency spectra into random time signals. In this context, the random variable is
the random seed used to generate phase angles used in the transform. Unlike the multiplicative
factors, these random variables directly impact the structural calculation and are inputs to
OpenFAST.

Table 4: Random variables models and parameters. The distribution parameters for
parameters with a uniform random variable distribution, in square brackets, are the upper and
lower limits.

Type Parameter Mean  CoV  Distribution  Ref
Structural dynamics (Xg,,,) 1 0.05 Lognormal [46]
Simulation statistics (X;,) 0.10 Normal [18]
Stress evaluation (X;,) 0.03 Lognormal [18]
Blade model uncertainty (Xs;) 0.05 Lognormal [18]
Critical load capacity (X,,-) 0.10 Lognormal [18]
Material model uncertainty 0.05 Lognormal [18]
(Xmat)
Steel yield strength, MPa () 240 0.05 Lognormal [18]
Steel Young’s modulus, MPa 2 x 10° 0.02 Lognormal [18]

Model
uncertainty

S = = S

Material  (E)
Concrete tensile strength 1 03 Lognormal [47]
(Xcon)
Rotor Blade 1 azimuth angle (X,,)* [0° 180°] Uniform
Yaw angle (Xyq) [-8° 8°] Uniform
Environme Wind phase angle (Xseeq i) [01] Uniform
ntal Wave phase angle (X;.q.wq) [01] Uniform

*Note — an azimuth of 0° indicates that blade #1 is pointing directly upwards.
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4.4  Limit state definition

A limit state defines the conditions beyond which a structural component no longer satisfies
one of its performance objectives. The focus of this work is on ULS failure of the OWT
structural components, and to this end, failure of the tower, monopile, blades, or transition piece
are assessed. Failure in the ULS relates to exceedance of the maximum load carrying resistance
[7]. These criteria are evaluated for the different OWT structural components independently,
as described in the following sections. Failure is assumed to occur at the first exceedance of the
structural capacity by the demand in a given time-history analysis, i.e., making the problem
time-independent.

4.4.1 Monopile and tower

Collapse of the monopile or tower is assessed using two different limit state models. The first
is taken from the work of Sgrensen et al. [18] where failure occurs when the maximum moment
in the tower exceeds the cross-section plastic moment reduced by a factor calculated from the
cross-sectional properties. The factor represents a linear fit to the Eurocode 3 buckling limit
state [48] for a shell with normal quality fabrication tolerance (class C), and may result in
moments in excess of yielding in the outer fibre of the cross-section:

1 DEN . ,
G = (10847 2) (D = (D = 20" Ko Xer Fy —

MULT (Xaz; Xyaw' Xseed)XdynXsimetr

(5)

This will be referred to as the M. limit state for the remainder of the paper;
My (Xaz Xyaw: Xseea) is the considered EDP and is defined as the maximum bending
moment in each structural simulation. The X terms are variables which capture modelling
uncertainty and are defined on Table 4. In Eq. (5), D is the component diameter (m), t is the
thickness (m) and F,, is the yield stress (N/m?). For brevity the wind and wave seed variables
have been combined into a single parameter (Xseeq)-

The NREL 5MW is a large utility scale OWT, both the monopile and tower have a low
thickness to diameter ratio and are non-compact according to the definition provided in DNV-
0S-J101 Section 7.3.1 [49]. Additionally, they exceed the Eurocode Class 3 cross-section limits
[50], indicating shell behaviour. As a result, the DNV steel buckling code [51] is used as the
second limit state model, which uses von Mises stress as the EDP. The monopile buckling
resistance, feqpm(Fy, oymm), is calculated using the provisions for local shell buckling in

Section 3.4 of DNV-RP-C202 [51].

The column buckling check is only necessary in the case that a combination of the shell
geometrical properties is larger than 2.5 times the ratio of the Young’s Modulus to the yield
stress:

(kl—ic)z > z.sf—y 6)

In Eq. (6), k is the effective length defined by the code (2.1 for a cantilever beam [51]), L is
the cylinder length and i.. is the radius of gyration. This limit was not violated for the monopile
as it is assumed to be fixed at the mudline, reducing the unconstrained length to the water depth.
However, the tower does exceed this ratio, so the buckling resistance, f.q,r(Fy, oymr), is
calculated including the provisions for column buckling in Section 3.8 of DNV-RP-C202 [51].
These were found to be the most onerous provisions. Capacity in both formulations is time-
Site-specific ULS Fragility of OWT on Monopile Substructures
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variant because the buckling strength is dependent on the stress state within the component;
however, it is demonstrated later in the paper, that this variability is small. Structural demand
is calculated by transforming the force and moment outputs from OpenFAST at each time step
into stresses using a membrane shell calculation [51]. The DNV limit state is also considered
for both the tower (T) and monopile (M), Eq. (7):

GDNV,T = fcap,T (XmatFy: UVM.T)Xcr — Oymr (Xazr Xyawr Xseed )XdynXsimetr (7)

GDNV,M = fcap,M (XmatFy: UVM.M)Xcr — OymM (Xaz' Xyaw' Xseed)XdynXsimetr

The variables are the limit state function (Gpyy r and Gpyy i), tower von Mises stress at each
time step (ay ), and monopile von Mises stress at each time step (oyu.um)-

It should be noted that the monopile limit state is evaluated at the mudline only, as the shell is
uniformly thick, and the largest moment occur at this location. The tower code check is
conducted along the height of the tower as the cross-section is tapered.

4.4.2 Transition piece

A grouted connection is used to join the monopile to the transition piece. This transfers all the
horizontal and vertical loads acting on the tower/rotor into the monopile. Failure of the grout
occurs at the interface between the grout and pile or transition piece; this may result in the
transition piece slipping relative to the monopile [52]. An analytical calculation for assessing
grouted connections is provided by DNVGL-ST-0126 [7]. The maximum grout tensile capacity
(frp) can be calculated through the provision in Section 4.5.1.13 of DNVGL-ST-C502 [53].
The maximum tensile stress demand (o7p) can be calculated using the analytical equations in
DNVGL-ST-0126 [7] Appendix C.1 the background to which is provided by Lotsberg [52]
(including experimental validation):

GTP = fTPXcon — OTp (Xaz' Xyaw'Xseed)XdynXsimetr (8)

A tapered transition piece with no shear keys is assumed and as discussed in Section 4.2.2 the
structural properties were taken from Lee et al. [42].

443 Blades

The blades convert wind flow into structural loading and therefore failure of a blade would
reduce loads experienced by the other structural components. This has been observed in the
failure of onshore wind turbines which have experienced typhoon winds [5]. Hence, the
fragility of these components is noteworthy as it may also impact the failure of the other
structural components. However, the blades are complex structures and are usually made from
composite materials. Detailed finite element analysis (FEA) models are typically used to assess
failure of the blades [54]. In lieu of this a simplified limit state based on maximum blade root
flapwise moment is used. The limit state is defined as the blade flapwise moment capacity
(M_qp) minus the blade flapwise moment demand (M ey, ):

Gbld = Mcap - Mdem(Xaz:Xyaw'Xseed)XdynX&Xstr (9)

The flapwise moment capacity is taken as 15,310 KNm and was calculated by Resor [41] using
a detailed FEA analysis for the NREL 5MW OWT blades. The moment demand is directly
output from OpenFAST for each blade.
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45 Implementation of the fragility calculation

A total of 400 10-minute time-history simulations with different seeds and random variable
samples are run for each MRP values on Table 2 at each site. The number of simulation (i.e.,
400) is selected so that a probability of failure of 50% could be predicted with a CoV of 0.05.
In a separate study [55], the full probabilistic risk framework has been implemented utilizing
the fragility curves developed here and assessing the number of random seeds required for the
fragility curves, explicitly quantifying the error due to limited sampling using resampling.

The proposed approach results in a series of limit state evaluations at a discrete number of
MRPs. The probability of failure for each OWT component at different MRPs can be estimated
using the relevant limit state function (where G refers a limit state Gy, Gpyy 1, €1C). By using
plain Monte Carlo simulation, an estimate of the probability of failure is simply the mean value
of an indicator function I(G < 0) which takes a value one when the relevant limit state function
associated with one analysis run is negative (i.e. the structure fails during that simulation):

1 Nsamples
py(MRP,) = P[G; < O[MRP] = ———— Z I(Giy < 0) (10)
samples =1

In Eq. (10), ps(MRP;) is the probability of failure at discrete samples of the MRP indexed by
i and Nsgmpies IS the number of samples, 400 in this case.

A continuous fragility functions (ps(MRP)) is then fit to the discrete sampled data, assuming
that a lognormal CDF can represent the probability of failure samples calculated using Eq. (10).
This model, commonly used in the field of earthquake engineering, is a suitable parametric
model for several civil engineering structures/applications [13,56]. This lognormal assumption
is confirmed through a Chi-Square Goodness-of-Fit Test [57], with results only reported when
the hypothesis test failed.

The fragility fitting provides the location (77) and standard deviation parameters (f) of the
fragility function from which estimates of the probability of failure are evaluated, conditional
onthe IM (ps(MRP)):

pr(MRP) ~ ®(#, 3, MRP) (11)

The sets of MRP and corresponding probability of failures provide sample data; the fragility
function parameters are selected using maximum likelihood estimation [58]. Specifically, the
lognormal CDF is fitted using a two-step procedure: 1) the method of least squares is used to
provide an initial estimate of the fragility function parameters; then 2) the maximum likelihood
method is applied to refine the parameter estimation, where the samples are assumed to be
binomially distributed, and the optimal fragility function parameters maximize the product of
the binomial probability mass function (PMF) at each of the Ny zp MRP samples:

)Nsamples_ni

(12)

Nmrp
Likelihood (1, B) = 1_[ (NS“;"?’“’S) pr(MRP)™ (1 — D (MRP))
l
i=1
where pr(MRP;) is the estimated probability of failure at a given MRP using the estimated
lognormal distribution parameters, Nggmpies 1S the number of analyses (i.e., 400) and n; is the

number of observed failures. This two-step approach is necessary because the MRP samples
where all seeds fail (or survive) have narrow binomial mass functions. If the initial parameter
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estimates are not in the approximate region of the maximum likelihood solution, the logarithm
of likelihood equation becomes numerically unstable.

The fragility function derivation is run in batches, with five different random variable
configurations:

e X1 - Only randomness in the wind and wave time-histories (i.e. the random variables
labelled as ‘Environmental’ in Table 4) is considered; all other variables are modelled
as deterministic using their corresponding mean values;

e X2 — Same as X1 but also considering modelling and material random variables, and
not rotor-related random variables;

e X3 - All random variables modelled explicitly;

e X4 — Same as X1 but also considering rotor-related random variables, comprising the
azimuth and yaw angle;

e X5 - Same as X1 but also considering the azimuth random variable.

The full fragility analyses are run three times, because adding the rotor random variables
required rerunning the structural analysis model, resulting in a total of 19,200 time-domain
simulations for each site. This is necessary because the X1/X2 random variable configurations
assume a fixed azimuth and yaw angle whereas the X3/X4/X5 random variable configurations
require yaw and or azimuth angle to be modelled as random variables.

5 Results and discussion

5.1 Influence of yaw and azimuth

An OWT enters its parked state at high wind speeds and the rotor stops rotating; however, it is
not known at which angle relative to the vertical position (for blade #1) the rotor will stop.
Different rotor positions lead to different load patterns depending on whether a blade is pointing
upwards (with increasing load along the length of the blade) or downwards (decreasing load
along the length of the blade) due to wind shear [29]. Additionally, there is the possibility of an
error in the yaw mechanism, meaning that the control system will not be able to maintain a
perpendicular angle between the plane in which the blades rotate and the direction of wind flow
as it changes. Both these effects have not been considered in existing wind turbine fragility
studies, but have been observed to impact ULS loading [40]. Additional analyses were run to
evaluate the how the fore-aft bending moment at the tower base, mudline and blade root varies
with these properties. The range of azimuth and yaw angles [-8° 8°] were split into a discrete
series and a set of 10-minute simulations repeated for 10 random seeds at each. The resulting
changing loads are shown in Figure 4 (azimuth) and Figure 5 (yaw) and are used to help
explaining the fragility results.

Figure 6 (left) shows the impact of modelling the azimuth angle as a random variable, using
the X5 random variable configuration, on the resulting fragility functions. For example,
comparing the X1 and X5 random variable configuration for the monopile at the ljmuiden site
and using the DNV limit state leads to an unchanged location parameter and small reduction in
standard deviation (from 1.88 to 1.83, a 3% reduction). The cause of this is investigated in
Figure 4, where the mudline and tower base moment are shown. A trend is visible whereby the
moment is lowest when the rotor is in a position where one blade is pointing directly downwards
(i.e., when blade 1 is at 60°, 180° and 300° from the vertical). The changing azimuth angle has
a small impact on the coefficient of variation in loading which is 1.65% and 2.11% for the
monopile and tower respectively, especially when compared to the ~1% caused by seed
variability (shown the grey dots in Figure 4). This explains the small influence this parameter
has on the fragility function. Azimuth angle has a larger impact on the blade loads, as shown in
Site-specific ULS Fragility of OWT on Monopile Substructures
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Figure 4 (bottom); only the results for blade 1 are presented for brevity (as the others followed
the same trend with a 120° angle shift). A fixed azimuth means that each blade has the same
load pattern for all seeds, whereas when azimuth is modelled as a random variable the load
pattern changes. The loading will increase or decrease along the blade depending whether it is
angled upwards or downwards relative to the hub. Therefore, over a sufficiently large random
sample of the azimuth angle, all blades experience approximately the same load pattern,
because the azimuth angle is assumed uniformly distributed. As a result, the fragility functions
for each blade in the X5 random variable configuration overlap, unlike the X1 fragility
functions, Figure 6 (right). It is noted that blade #2 was not observed to fail under the X1
conditions. In this case a single fragility function could be used for the blades (i.e. which
aggregates the individual results) whereas in the case where a single deterministic azimuth is
used, blade #1 and blade #2 and #3 have a distinct behaviour, see Figure 6 (right).

A similar deviation to the changing load with azimuth angle is observed for the yaw error
variable in the tower and monopile components, Figure 5. However, a continuous trend of
increasing load with increasing yaw error is visible. The variation in loading only causes a small
change in the tower and monopile fragility functions, see Figure 6 (left) for the X4 random
variable configuration, e.g. for the monopile, the location parameter is constant and the standard
deviation reduces (from 1.88 to 1.71, ~10%) compared to the X1 random variable
configuration. However the limits on yaw error were enforced here by applying the values from
Morato et al. [40], and it is expected that, if a larger range of yaw error is used, the impact on
the fragility function would be greater. In contrast, a noticeable impact is observed on the blade
fragility; this is again a result of the large impact yaw has on the blade root moment, Figure 5
(bottom). For blades, inclusion of azimuth and yaw error increases the variation of the fragility
function substantially in comparison to the case where neither is modelled (X1 random variable
configuration) and this effect can be seen clearly by comparing the fragility functions for the
X1, X4 and X5 random variables configurations in Figure 6 (right). These results also suggest
that the assumption of lognormal model is not suitable for the blades when azimuth and yaw
are modelled as random variables. This was confirmed by the results of the Chi-Square
goodness-of-fit test which returned p-values lower than the 0.05 significance threshold. In the
remainder of this paper they will be represented using an empirical CDF.
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Figure 4: Acting moment as a function of the azimuth angle at the mudline (top), tower base
(middle) and blade #1 root (bottom). In each panel the mean moment is indicated by a
horizontal line.
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Figure 5: Acting moment as a function of the yaw angle at the mudline (top), tower base
(middle) and blade #1 root (bottom). In each panel the mean moment is indicated by a
horizontal line.

17 X1
Blade #1, X1
Mon, DNV, X1 Blade #3, X1
Twr, DNV, X1 ——-—--Blade #1, X4
0.8 Mon, DNV, X4 0.87 | ——-=--Blade #2, X4
===== Twr, DNV, X4 FaX Blade #3, X4
Mon, DNV, X5 4 = = = -Blade #1, X5
> = = =— Twr, DNV, X5 = = = = -Blade #2, X5
=06 =061 Blade #3, X5
o o)
[4y] (48]
o) 0
o o
o 04 o 04
0.2 %R 0.2
A
&Y
0 sbe e e e o e o e ot o R o' :
10? 10* 108 108 1010 102 10* 108 108 1010
(44/8)  (56/10) (68/13) (80/15) (89/17) (44/8)  (56/10) (68/13) (80/15) (89/17)
MRP (years) MRP (years)

Site-specific ULS Fragility of OWT on Monopile Substructures
23/10/2019 18 of 27



Figure 6: Fragility functions for the monopile and tower (left) and the blade (right) at the
Ijmuiden site using the DNV limit state. Different random variable configurations are
highlighted in the figure; ‘Mon’ represents the monopile and ‘Twr’ the tower. Brackets on the
x-axis labels show (Vw (m/s) / Hs (m)) for a given MRP.

5.2 Influence of different random variable confiqurations

The impact of including various random variables affecting OWT capacity (e.g., those
representing material and modelling uncertainties, as summarized in Table 4) on the resulting
fragility functions is investigated here. The results shown in Figure 7 and Figure 8 demonstrate
that, as expected, including more random variables, particularly those related to modelling
uncertainty, changes the standard deviation of the fragility functions for both limit state by a
similar amount but has little impact on the location of the curve. Comparing the X1 to X3
random variable configurations for the M, limit state at the ljmuiden site resulted in a <3%
change in the median and ~22% increase in the standard deviation (from 2.03 to 2.27). As
discussed in the previous section, inclusion of the azimuth and yaw random variables have a
small impact on the location of the tower and monopile fragility functions; this is visible of
Figure 7 and Figure 8 where the X1 and X4, and X2 and X3 random variable configurations
result in very similar fragility functions. For the blades, including modelling uncertainty
(multiplicative factors in the limit state equation) has a negligible impact on the fragility
functions, see Figure 9, as the yaw and azimuth variables dominate the response.
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Figure 7: Fragility functions for the tower and monopile at the Ijmuiden site using the M.,
limit state (left) and the DNV limit state (right); ‘Mon’ represents the monopile, “Twr’ the
tower.
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Figure 9: Fragility functions for the blades at the Ijmuiden (left) and Massachusetts (right)
site.
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5.3 Site and component limit-state comparison

Comparing the results for different component limit states at the two sites allows one to asses
which are the most critical component within an OWT. The X1 random variable configuration
will be used in this section for brevity; however, findings are consistent across the various cases.

Due to the hurricane-type conditions, the Massachusetts site produces the most severe loading,
resulting in relatively high probability of failure of the tower at low MRPs. For instance,
probability of failures above 5% are observed between MRP of 50 and 200 years in Figure 8.
At the Ijmuiden site, the MRP range where most components fail with a probability of more
than 20% is outside the usual limits considered in the engineering design and even in
probabilistic risk modelling, which usually extend up to MRPs of about 100,000 years.

The DNV and M_,. limit states for the tower and monopile result in different fragility curves,
with the M, limit state resulting in lower fragility than the DNV limit state. This is particularly
visible in the case of the tower and monopile fragility for the ljmuiden site, Figure 10 (right),
and can be justified by looking at the limit states in more depth. In Figure 11, the moment
capacity predicted using different limit states are compared, with the DNV limit state converted
into an equivalent bending moment using a membrane stress calculation. The small variations
in DNV capacity are caused when the von Mises stress approaches zero and affects the
characteristic buckling stress. As discussed earlier, the M., limit state is calculated by
subtracting a factor from the cross-section plastic moment to provide an approximate, linear fit
to Eurocode 3 [48], for the NREL 5MW OWT the reduction factor is approximately 0.1.
Therefore, using the M., limit state, failure of the monopile will occur well above the point at
which the outer fibre of the cross section first yields. On the other hand, the DNV local buckling
limit state is calculated by dividing the yield stress by one plus the slenderness ratio to the
power of four; therefore, it will always be less than the material yield stress, and therefore
represents a more conservative interpretation of failure. The column buckling limit state is
based on a similar process of reducing the buckling strength. This explains why the fragility
function is shifted to lower MRP values when the DNV limit state is used. It is notable that in
there is no intersection between the monopile and tower fragility functions for any of the
random variable configurations. This indicates that in all cases, the tower is expected to fail
before the monopile.

The fragility function for the transition piece are characterized by higher MRPs (higher than
500 years) than those corresponding to the tower and monopile fragility functions at the
Massachusetts site, Figure 10 (left), and no failures in this limit state are observed at the
Ijmuiden site. This indicates that, particularly when using the more conservative DNV limit
state, the transition piece is unlikely to contribute to failure of the OWT in the ULS, as failure
in the tower or monopile limit states will likely occur first. However, it should be noted that
only one OWT geometry is used in this work, and the transition piece geometry is taken from
academic research, not current industry practice (where bolted transition pieces are sometimes
used in preference to the assumed grouted connection).

Fragility results for blade failure at both sites are shown in Figure 12 and indicates that failure
of blade #1, the blade with largest demand (i.e. pointing upwards) for the X1 random variable
configuration, is likely to occur at more severe MRPs than those causing failure of the tower.
However, as discussed in Section 5.1, fragility of the blade is sensitive to the modelling
assumptions; when azimuth and yaw are treated as random variables, the failure of all blades is
equally likely and occurs at lower MRPs than in the deterministic case. When using the rotor
random variables, there is intersection between the tower and blade fragility functions (visible
in Figure 12). This indicates that interaction between blade and tower failure hypothesized by
Chen et al. [5] is plausible. Failure of the blade may reduce loading on the tower and therefore
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potentially prevent its failure. However, the tower failure is generally decisive as it is observed
at lower MRPs, indicating that failure of the tower independently remains the most probable

scenario.
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Figure 10: Fragility function for the transition piece at the Massachusetts site (left), and
comparison of monopile and tower limit states at the Ijmuiden site (right); ‘Mon’ represents
the monopile, ‘Twr’ the tower.
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Figure 11: Comparison between the monopile limit states with all stresses converted into an
equivalent bending moment. Graph is a segment from a full 600s time-history run at an MRP
of 3-107.
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Figure 12: Fragility function for tower and blade limit states at the Massachusetts site (left),
and fragility functions for tower and blade limit state at the ljmuiden site (right); where ‘Twr’
represents the tower.

6 Conclusions

This paper represents a first step towards the development of a comprehensive probabilistic
risk modelling framework for OWTSs exposed to stochastic environmental conditions.
Specifically, fragility functions have been developed for the main structural components of an
OWT on monopile foundation exposed to extreme metocean conditions, using dynamic aero-
elastic simulations and considering ULS. Fragility functions are commonly used in
probabilistic risk engineering as an essential tool for assessing the wvulnerability of
structures/infrastructure and offer a means of communicating the probability of physical
damage over a range of potential hazard intensities.

Various simplifying assumptions have been made throughout the study, particularly in
assessing OWT structural response; these simplifications may affect the shape and magnitude
of the computed structural fragility; however, they do not affect the framework by which
fragility functions were derived as a basis for a full probabilistic risk assessment of OWTs
supported by monopiles.

Findings from the considered case-study sites and structure allow one to draw some general
conclusions, particularly in terms of sensitivity of the fragility analysis to a number of
modelling/analysis assumptions and decisions:

e The limit state definition for the tower and monopile has a significant impact on the
location of the fragility functions. Therefore, the choice of a limit state accurately
describing the problem being investigated is important. For a large diameter utility
scale OWT, the DNV limit state was found to be a conservative option;
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e The model uncertainties have an important impact on all limit states while the azimuth
and yaw variability is only important for the blades;

e The fragility values for the monopile are extremely low, likely due to the fact that
monopiles are often designed primarily to provide adequate stiffness, resulting in
significant overstrength. It should also be noted that the method used here for
estimating extreme conditions based on 20-30 years of continuous data is a very coarse
approximation of the long MRP hazard.

e For a given MRP value, the tower was generally found to be characterized by the
highest probability of failure (near to one) with respect to the other components (i.e.,
monopile, transition piece and blades). More in general, a system reliability approach
to the overall risk associated with individual OWTs would be more appropriate,
considering various correlation models between the various structural components.
However, specific conclusions would still require a more comprehensive evaluation of
the blade limit states.

e For the Ijmuiden site, representative of European conditions, the derived fragility
functions correspond to very high MRPs, which are much larger of the typical values
of interest in a probabilistic risk model or in engineering design/applications. In these
conditions the fatigue limit state, not considered in this work, is expected to be more
relevant in assessing OWT performance [59]. Additional studies investigating
structural fragility during operational limit states are necessary to build a
comprehensive view of OWT failure in the milder European conditions. Nevertheless,
the ULS remains relevant for OWT that are exposed to hurricane-type conditions, such
as those located on the East Coast of the USA.

In general, the computed ULS fragility is fairly low for most of the considered OWT structural
components and for both sites. In fact, the OWT used in this study was not designed for these
specific sites/site condition. This means that, while comparisons between the computed
probabilities of failure provide valid insights, the numerical values of these probabilities should
not be taken to be accurate representations of a design made for this specific site. Also,
(numerical) fragility results are difficult to be validated due to the lack of empirical
damage/failure data and existing research. However, similar values of the probability of failure
for the tower and monopile were observed at similar MRPs for the Massachusetts site, as
reported by Wei et al. [21].

These findings have potential implications for the evaluation of the overall risk profile and
associated performance of offshore wind farms.
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